Transmission of porcine reproductive and respiratory syndrome virus (PRRSV) via boar semen has been documented. Since semen is widely disseminated for artificial insemination and the virus can cause significant health and economic consequences, it is essential to have well-validated, rapid diagnostic techniques to detect and quantitate the virus for diagnostic and research purposes. Previously, boar semen was tested by a nested PCR (nPCR) assay which was compared to the "gold standard" swine bioassay. A correlation of 94% was observed, indicating that, most of the time, PCR detected infectious virus. Subsequently, a real-time PCR targeting the 3 untranslated region of the PRRSV genome was compared with nPCR by testing 413 serum and semen samples from PRRSV-inoculated and control boars. There was 95% agreement between the results of the two tests, with the majority of samples with discordant results containing virus at the lower range of detection by the assays. The virus in all samples was quantitated by using a standard curve obtained by serial dilution of an in vitro transcript. By using the in vitro transcript, the lower limit of sensitivity was observed to be approximately 33 copies/ml. Reactivity with a panel of more than 100 PRRSV isolates from various geographical regions in the United States was also documented. No reactivity with nine nonrelated swine viruses was noted. A real-time PCR was also developed for the detection of the European Lelystad virus and the Europeanlike PRRSV now found in the United States. In six of six PRRSV-inoculated boars, peak levels of viremia occurred at 5 days postinoculation (DPI) and were most consistently detectable throughout 22 DPI. In five of six boars, PRRSV was shed in semen for 0 to 2 days during the first 10 DPI; however, one of six boars shed the virus in semen through 32 DPI. Therefore, in general, the concentration and duration of PRRSV shedding in semen did not correlate with the quantity or duration of virus in serum. These differences warrant further studies into the factors that prevent viral replication in the reproductive tract.
Porcine reproductive and respiratory syndrome virus (PRRSV) is a single-stranded RNA virus belonging to the order Nidovirales, family Arteriviridae, along with lactate dehydrogenaseelevating virus of mice, equine arteritis virus, and simian hemorrhagic fever virus (4, 13) . PRRSV causes significant respiratory disease in nursery and growing-finishing pigs and late-term abortions in sows (29, 46) . Since the etiologic agent was identified in 1991, multiple methods of virus dissemination have been discovered, including transmission via semen (2, 12, 18, 30, 47, 50) . Transmission of PRRSV through the semen of infected boars may not always occur, but due to the widespread use of artificial insemination in the modern swine industry, dissemination of PRRSV via semen constitutes a major risk for swine herds. Therefore, it is important to provide diagnostic testing to ensure a PRRSV-free semen supply (41) . Interestingly, the duration of PRRSV shedding in semen is quite variable among individual boars, ranging from as short as 4 days postinoculation (DPI) to as long as 92 DPI (5) (6) (7) (8) (9) (10) (11) . The viral loads in semen and serum samples from boars, which may have an effect on transmission, have not been extensively studied quantitatively. Intermittent shedding of PRRSV in semen may also occur and may not necessarily correlate with viremia or serological status (6) . This necessitates the use of excellent biosecurity measures, and for many boar studs, PCR testing of individual or pooled semen samples that will be used for sow inseminations is done. Since virus isolation (VI) from boar semen samples is insensitive due to the cytotoxicity of semen, PCR, particularly a nested PCR (nPCR) with primers derived from open reading frame (ORF) 7, has been extensively used for PRRSV detection in semen samples (5) (6) (7) (8) (9) (10) (11) . This method has been well validated and compared to a swine bioassay which detects infectious virus by injection of 13 of 15 ml of semen intraperitoneally into 3-week-old PRRSV-naïve piglets (5, 28, 42) . Piglet serological status is then monitored to determine whether seroconversion from the injected PRRSVcontaminated semen occurred. Previously, it was found that there was a 94% correlation between the results of nPCR and those of swine bioassay in studies with semen samples, indicating that, in the majority of cases, if the nPCR result was positive, then it was detecting infectious virus within the semen sample (5) . Since nPCR is quite labor-intensive, an automated real-time PCR was developed for rapid, user-friendly detection and relative quantitative analysis. Since the test is also commercially available, the standardization of testing between laboratories may be possible. The purpose of this study was to develop and validate this real-time PCR by comparison with nPCR and to document inter-and intra-assay variabilities, sensitivity, and specificity. In addition, since quantitation would be useful for pathogenesis, treatment, and vaccine efficacy studies, a standard curve was developed by using in vitro transcription and measurements of the viral loads in serum and semen samples from experimentally infected boars were obtained.
MATERIALS AND METHODS
Experimental animals. Nine boars (eight of the Landrace breed and one of the Duroc breed; age range, 6 to 9 months) were obtained from a PRRSV-negative commercial breeding herd. The boars were PRRSV and pseudorabies virus negative and were confirmed by serology and PCR to be PRRSV negative prior to delivery and again on arrival. Six principal boars and three control boars were housed in individual isolation rooms, with each group housed in separate buildings. Boars were acclimated for 2 weeks prior to PRRSV inoculation. Semen was collected during the first week to familiarize the boars with the collection procedures. Three collections of serum and semen samples were obtained during the second week for preinoculation baseline PCR, enzyme-linked immunosorbent assay (ELISA), and serum neutralization (SN) analysis.
Viruses. A virulent, low-passage (passage 6) isolate (isolate SD-23983) of PRRSV was propagated on MARC-145 cells (23) and used as the inoculum. The cells were frozen and thawed twice to release the virus. Cell debris was removed by low-speed centrifugation at 500 ϫ g for 5 min. The supernatant containing the virus was stored as 2-ml aliquots and kept frozen at Ϫ80°C. The amount of virus was determined by titration on MARC-145 cells in a microtiter assay and had an infectivity titer of 10 6 50% tissue culture infective doses (TCID 50 s)/ml. To determine the sensitivity of the real-time PCR for Lelystad and European-like PRRSVs, a stock Lelystad virus was serially diluted 10-fold, and nPCR and real-time PCR were performed in parallel with the identical dilutions. Twentyseven serum samples were also submitted to the Animal Disease Research and Diagnostic Laboratory (ADRDL) at South Dakota State University from various states within the United States, and the viruses in these samples were identified as European-like PRRSV by real-time PCR and were confirmed by genomic sequencing of ORF 5.
Experimental inoculation. Each naris of the six principal boars was inoculated with 1 ml of PRRSV isolate SD-23983 (10 6 TCID 50 s/ml). This viral isolate and dose were previously used for boar inoculations (11) . Each naris of the control boars were inoculated with 1 ml of a mock-infected cell supernatant which was PRRSV negative, as determined by VI and PCR.
Blood collection. Twelve milliliters of blood was collected from the jugular vein and transferred to a serum separator Vacutainer tube for centrifugation at 950 ϫ g for 10 min. Quantitative, real-time PCR and nPCR analyses of the serum samples were performed on the day of sample collection.
Semen collection. Whole semen was collected three times per week for 4 weeks, two times per week for 2 weeks, and then once per week for 6 weeks by the gloved-hand technique (24) . Semen samples were collected in insulated containers covered with gauze to remove the gel fraction from the ejaculate.
Semen preparation. Ten milliliters of whole semen was centrifuged at 600 ϫ g for 20 min. The seminal plasma was removed, and the pellet was resuspended in a volume of sterile phosphate-buffered saline equal to the volume of the pellet. Quantitative PCR and nPCR analyses of the semen samples were performed on the day of sample collection.
Comparison of phenol-chloroform method and Qiagen RNeasy spin column protocols for extraction of RNA from semen samples. A previously used guanidinium isothiocyanate (GITC) buffer (4 M guanidine thiocyanate, 25 mM sodium citrate [pH 7], 0.5% N-lauryl sarcosine)-phenol-chloroform extraction (GITC-phenol-chloroform) method (5-11) and a spin column technique (RNeasy; Qiagen, Valencia, Calif.) were compared. Proteinase K-HIRT (PK-H) buffer (200 g of proteinase K per ml, 20 mM Tris, 20 mM EDTA [pH 8.0], 2% sodium dodecyl sulfate) was also used prior to the Qiagen spin column method to solubilize the semen (25, 35) . Ten semen samples were obtained from a boar stud which had become PRRSV infected and were evaluated by the two methods. In addition, these samples were evaluated with the PK-H buffer along with GITC buffer or PK-H buffer along with the Qiagen RLT buffer supplied with the RNeasy kit and by subsequent processing through the Qiagen RNeasy spin column. Fourteen additional samples from the present experimental study were used, and semen extraction was performed by the GITC-phenol-chloroform method or by the method with PK-H buffer-GITC buffer and the Qiagen RNeasy kit.
Extraction of RNA from semen samples. To obtain viral RNA, 500 l of the seminal cell fraction was added to 500 l of PK-H buffer, and the components were mixed thoroughly and heated on a 37°C heat block for 10 min. The sample was centrifuged at 16,000 ϫ g for 30 s. Five hundred microliters of supernatant was added to 500 l of GITC lysis buffer, which replaced the RLT buffer supplied with the RNeasy kit. The GITC lysis buffer and sample mixture were added to 500 l of 70% ethanol, and the components were mixed and transferred to the Qiagen RNeasy spin column. The remaining extraction procedure was performed as described in the instructions accompanying the RNeasy kit.
Extraction of RNA from serum. The QIAamp Viral RNA Mini kit was used to obtain viral RNA from the serum samples, as described in the instructions provided with the kit. A 140-l volume of serum was used for the extraction.
nPCR. A reverse transcriptase (RT) nPCR assay developed previously (5) was used to detect PRRSV RNA in the semen and serum samples. Outer and nested primers were derived from ORF 7 for the detection of U.S. PRRSV and ORF 1b for the detection of the European Lelystad virus (5) .
Real-time PCR. A commercially available real-time, single-tube RT-PCR assay for the detection of U.S., Lelystad, and European-like PRRSVs was provided by Tetracore Inc. (Gaithersburg, Md.) and was used to detect PRRSV RNA. A minor groove binding 5Ј nuclease probe and primers specific for the 3Ј untranslated region (UTR) of the PRRSV genome were designed by alignment of sequences from GenBank and were based on conserved areas of the 3Ј UTRspecific primer and probe region. The PRRSV RNA was transcribed in a single tube by using a 25-l reaction volume consisting of Tetracore U.S. PRRSV master mixture (18.9 l of the master mixture, 2 l of enzyme mixture 1, 0.1 l of enzyme mixture 2) and 4 l of extracted RNA. The reaction tubes were loaded into a Smart Cycler II block (Cepheid, Sunnyvale, Calif.), and software settings for fluorescence detection were set for automatic calculation of the baseline with the background subtraction turned on. The thermal cycler program for the U.S. PRRSV real-time assay consisted of 52°C for 1,800 s; 95°C for 900 s; and 45 cycles at 94°C for 30 s, 61°C for 60 s, and 72°C for 60 s. For the Lelystad and European-like PRRSV assay, thermal cycling times consisted of 60°C for 1,200 s, 95°C for 15 s, and 45 cycles at 95°C for 3 s and 60°C for 30 s. A PCR was considered positive if the cycle threshold (C t ) level was obtained at Յ45 cycles.
Normalization. To determine whether there was extraction inefficiency and/or RT-PCR inhibition from serum or semen samples, prior to the extraction procedure three dilutions of virus from cell culture were spiked into serum and semen samples from PRRSV-inoculated boars obtained preinoculation. A total of 10 6 TCID 50 s of virus per ml was spiked into the sample at dilutions of 10 Ϫ1 , 10 Ϫ3 , and 10 Ϫ5 (10 5 , 10 3 , and 10 1 TCID 50 s/ml, respectively), and the C t values and the numbers of RNA copies per milliliter were compared to those values in cell culture alone. Extractions of virus from cell culture and spiked samples were performed in triplicate for each dilution and each individual boar sample.
In vitro transcription. A 102-bp PCR fragment specific for the 5Ј nuclease probe target area of U.S. isolate SD-23983 was purified and used as a template for in vitro transcription. The PCR product was purified with a Qiagen Qiaquick PCR purification kit according to the instructions of the manufacturer and ligated into the pGEM-T vector by using pGEM-T Easy Vector system (Promega, Madison, Wis.). The ligation product was transformed into TOPO 10F cells, and plasmid DNA was extracted by using a Qiagen Mini Plasmid Prep kit. After linearization, the in vitro transcription reaction was performed with an SP6 mMESSAGE mMACHINE Transcription kit (Ambion, Austin, Tex.), and the newly transcribed RNA was recovered with NucAway spin columns (Ambion). The RNA concentration was determined by measurement of the optical density by spectrophotometry.
Standard curve. Known amounts of the serially diluted RNA transcript obtained in vitro (10 Ϫ1 through 10 8 copies/l) were used to generate a standard curve. Four microliters of each dilution was added to the PCR mixtures; the PCRs were performed three to six times each day over 3 days; and the mean value, the coefficient of variation, and minimum level of detection of the in vitro transcript were determined (Fig. 1) . The concentrations in the unknown samples (in numbers of RNA copies per milliliter) were determined by linear extrapolation of the C t values plotted against the known concentration of the 3Ј UTR transcription product.
Virus isolation from sera. One hundred microliters of each serum sample was used to prepare 10-fold serial dilutions (10 Ϫ1 to 10 Ϫ6 ) in minimal essential medium. Two hundred microliters of each dilution was added to triplicate wells of a microtiter plate containing confluent monolayers of MARC-145 cells. The plates were incubated for 48 h in a humidified incubator at 37°C with 5% CO 2 .
The presence of virus was confirmed by a direct fluorescent-antibody technique with monoclonal antibody SDOW 17 (27) . For samples that were PRRSV positive by VI, an additional titration was performed in triplicate by using a serial twofold dilution to obtain more accurate end points for comparisons with quantitative PCR (Fig. 2) .
SN analysis. SN analysis was performed as described previously (48) . Titers Ն1:4 were recorded as positive.
Antibody ELISA. Serological status was monitored by the commercially available 2XR IDEXX HerdChek PRRS ELISA (IDEXX Laboratories, Westbrook, Mass.), and the results were recorded as a sample-to-positive control ratio. Animals with a ratio of Ն0.4 were considered seropositive for PRRSV.
Statistics. The relationship between all PRRSV-positive virus titrations (numbers of TCID 50 s per milliliter) and the numbers of RNA copies per milliliter of serum for PRRSV-inoculated boars during the first 10 days of the study were evaluated by linear regression analysis. A P value Ͻ0.05 was considered significant. 
RESULTS
Sensitivity, specificity, and inter-and intra-assay variabilities. By using serial cell culture dilutions for the U.S. isolate (isolate SD-23983), the level of detection by the real-time PCR matched that by the nPCR, which has previously been reported to be 10 TCID 50 s/ml (5). The minimum level of the in vitro transcript that was consistently detected by the RT-PCR was 33 RNA copies/ml. This assay did not react with other common swine viruses, which included swine influenza virus, coronavirus, parvovirus, transmissible gastroenteritis virus, circovirus, and pseudorabies virus. Inter-and intra-assay variabilities of 2.7 to 8.8 and 0.1 to 5.7%, respectively ( Fig. 1) , were observed. By using serum and semen samples from boars experimentally infected with PRRSV, a 95% correlation between nPCR and real-time PCR was observed, and the kappa score was 0.821, which is considered very good agreement (1). The same numbers of samples were real-time PCR positive and nPCR negative and real-time PCR negative and nPCR positive (Table 1) . Quantitative measurements indicated that the majority of samples with discordant results contained RNA at levels near the minimum threshold values of the assays. Only 1 serum sample of the 138 serum and semen samples from control boars tested was PRRSV positive by real-time PCR, and this occurred at 3 DPI (C t ϭ 40.12). This sample was PRRSV negative by nPCR, so in this experimental study the specificities of the real-time PCR and nPCR were 99 and 100%, respectively. The experimental study demonstrated limited virus shedding in semen in five of six boars, despite the high viral loads in serum (Table 1 ; Fig. 3 ). PRRSV shedding in semen in boar 6 was detected through 32 DPI, and in this boar the viral load was greater in semen than in serum in most cases ( Table 1) .
The specificity of the real-time PCR assay was further investigated by alignment of the sequences of 36 PRRSV isolates from GenBank to evaluate the homology of the primers and probes used in the real-time PCR assay. In addition, 134 clinical isolates were obtained through the ADRDL at South Dakota State University from samples from various farms over a wide geographical area in the United States. Fifty-two of these samples were PRRSV positive by both real-time PCR and nPCR and had been selected with diverse predicted RFLP cut patterns by genomic sequencing of ORF 5. In addition, 82 isolates were from PRRSV-positive samples submitted to a diagnostic laboratory that had been tested in parallel by realtime PCR and VI, with corresponding results. To date, the ADRDL at South Dakota State University has detected PRRSV in more than 4,440 samples by determining the RFLP cut pattern by ORF 5 sequencing, documenting the broad reactivity of the assay for many diverse PRRSV isolates by continued comparisons of the results with those of VI and the agreement of the results of the two methods.
The sensitivity of the real-time PCR for the detection of Lelystad and European-like PRRSVs also matched that of the nPCR assay when serial dilutions of Lelystad virus were used for comparisons (data not shown). An additional 27 Europeanlike PRRSV isolates detected in the United States were also identified by the Lelystad and European PRRSV real-time assay.
Comparison of phenol-chloroform method and Qiagen RNeasy spin column protocol for extraction of RNA from semen. To determine whether the semen extraction method used in this experimental study was equivalent to the previously used GITC-phenol-chloroform method and to optimize the extraction by using a more user-friendly spin column kit technique, both experimentally and naturally infected semen samples were obtained. Ten of 10 PRRSV-positive semen samples from the naturally infected boar stud were detected by using PK-H buffer, Qiagen RLT buffer, and the Qiagen RNeasy kit, whereas 7 of 10 samples were positive by the GITC-phenol-chloroform method. When RNA was reextracted from nine of the PRRSV-positive samples in parallel by using PK-H buffer, GITC buffer, and the Qiagen RNeasy kit, nine of nine samples were PRRSV positive, whereas six of nine samples were PRRSV positive by using PK-H buffer, Qiagen RLT buffer, and the Qiagen RNeasy kit. When RNA was extracted from 14 FIG. 3 . Viral loads (number of RNA copies per milliliter) and viremia and shedding patterns in PRRSV-inoculated boars. s, detection of PRRSV, quantitation in semen, and shedding patterns; }, PRRSV detection and quantitation in serum.
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by on March 4, 2008 jcm.asm.org semen samples from the experimental study by using PK-H buffer, GITC buffer, and the Qiagen RNeasy kit and by using GITC buffer and phenol-chloroform extraction, the results were identical, except that the assays with PK-H buffer, GITC buffer, and the Qiagen RNeasy kit detected one additional PRRSV-positive sample. Therefore, for the extraction of RNA from semen in this study, PK-H buffer was used along with GITC buffer in place of the Qiagen RLT buffer prior to the use of the RNeasy kit spin columns. Normalization. No quantitative differences were observed by using cell culture virus dilutions alone and cell culture virus dilutions spiked into serum samples (data not shown). This indicated that there was no inhibition or extraction inefficiency that required normalization for the quantitation of serum viral loads. This lack of inhibition has been documented in other studies that have used serum for virus quantitation (43) . The virus concentrations in PRRSV-spiked semen samples were compared with the virus concentrations in cell culture at the three dilutions tested. The mean decrease in the virus concentration in semen for the boars and for the three dilutions of virus was 137 Ϯ 29 RNA copies/ml (standard error). Therefore, the virus concentration in each PRRSV-infected semen sample was multiplied by a factor derived from the mean of the input amount (number of RNA copies per milliliter of cell culture virus only at each dilution) divided by the mean number of RNA copies per milliliter for the virus spiked into preinoculation semen samples from each of the PRRSV-infected boars. To determine whether the decline in the number of RNA copies per milliliter in semen was due to the inefficiency of extraction or RT-PCR inhibition, viral RNA was spiked into previously extracted PRRSV-negative semen samples. No RT-PCR inhibition was noted, as detected by a decrease in the number of copies per milliliter derived from cell culture RNA and cell culture RNA spiked into extracted semen and subsequent RT-PCR (data not shown).
PRRSV detection and concentrations in serum and semen. The viral loads (number of RNA copies per milliliter) in serum and semen samples from PRRSV-inoculated boars and comparison of the results of nPCR and real-time PCR are shown in Table 1 (for 1 through 86 DPI). The patterns of detection of viremia and shedding of PRRSV in semen could be observed by the quantitative real-time PCR (Fig. 3) . Linear regression analysis of the data obtained during the first 10 days of the study demonstrated a significant linear relationship between the results of VI (in TCID 50 s per milliliter) and those of realtime PCR (number of RNA copies per milliliter) for serum ( Fig. 2) (in the unforced model, adjusted R 2 ϭ 0.523 and P ϭ 0.0004; in the forced model, adjusted R 2 ϭ 0.498 and P ϭ 0.001).
Serology. PRRSV antibodies were detected by 8 to 10 DPI in all of the principal boars by ELISA, and the ELISA results remained positive through the remainder of the study (96 DPI). Neutralizing antibodies were detectable by 29 to 32 DPI. Maximum neutralizing antibody titers of 1:16 were detected at 58, 67, and 72 DPI for boar 6, 72 DPI for boar 4, and 67 DPI for boar 5. The remaining three principal boars had maximum serum neutralizing titers of 1:8. None of the control boars seroconverted to PRRSV positivity, as detected by ELISA or SN analysis.
DISCUSSION
This study documents the development and validation of the first commercially available real-time PCR assay for the detection of U.S., Lelystad, and European-like PRRSVs and use of the assay for the quantitation of PRRSV in boar semen and serum samples. The assay is valuable for relative virus quantitation for vaccine, treatment, and pathogenesis studies as well as diagnostic assays. Since the real-time assay is validated for use for the detection of PRRSV in semen from experimentally infected boars, the assay will be useful in determining the viral loads necessary for transmission and studying factors that may reduce or prevent viral replication in the reproductive tract.
PCR assays for the detection of single-stranded RNA viruses are difficult to develop due to the high rate of mutation, which can hinder primer and probe specificities. Since 2001, the ADRDL at South Dakota State University has also detected 27 European-like PRRSV isolates. The nucleotide sequences of the structural and nonstructural ORFs of these isolates are approximately 95.3% similar to those of Lelystad virus, and the nucleotide sequences of the structural ORFs of these isolates are approximately 70% similar (2-7) to those most of typical U.S. strains (32) . European-like and U.S. PRRSV strains have also been identified in a single pig, and these were detected simultaneously by both PCR assays with subsequent verification by sequencing (personal observation). It may be useful to develop a multiplex assay that could detect both U.S. and European-like isolates within a single PCR; however, when this was done, some loss of sensitivity was observed (data not shown). The degree of sensitivity is important for the detection of PRRSV, since very low levels have been observed in vivo, particularly in persistently infected pigs, and these low levels may correspond to biologically active virus that VI may not detect (21) . Therefore, one of the primary goals of this study was to develop a real-time PCR assay that would have sensitivity equal to that of the nPCR, whose results were previously shown to correspond to those of the "gold standard" swine bioassay and which has been used extensively in experimental studies and for diagnostic evaluations (5) (6) (7) (8) (9) (10) (11) 21) . Other realtime PCR assays for the detection of PRRSV have been described, but none of those studies validated the quantitative real-time PCR with serum and semen samples from PRRSVinfected boars (3, 17, 37, 44) .
Previous studies documenting the validation of semen extraction techniques for the detection of PRRSV in semen have been limited. In fact, most studies have used real-time or traditional PCR without evaluating the diagnostic sensitivity compared with that of a gold standard clinical assay, such as the swine bioassay, and have reported on the sensitivities of the assays only on the basis of studies with serial dilutions of cell culture virus in vitro. The sensitivity of the assay is also dependent on the method of semen processing and the method of extraction of RNA from semen. Seminal plasma has been noted to inhibit PCR; therefore, by the extraction method used in the present study, the seminal plasma was removed by centrifugation and the cell fraction was used for PCR (14, 16) . Spermatozoa have also been shown to inhibit PCR; however, this fraction is usually obtained after centrifugation and lysis with a buffer containing dithiothreitol (22, 31, 36) . The extraction buffer used in our experiments did not contain a disulfide disrupting agent, such as dithiothreitol or ␤-mercaptoethanol, so it is similar to those used in other differential lysis techniques that release only somatic cell DNA and not sperm cell DNA (22, 31, 35, 49) . Previously, PRRSV was found most consistently in the non-sperm cell fraction of the semen rather than in whole semen or seminal plasma (5, 6, 10, 36, 40) . In vasectomized boars, PRRSV could be found in seminal macrophages by immunohistochemistry, and PRRSV was identified in the cellular fraction in 87% of the positive samples (10) . However, the cellular fraction is quite viscous, and there are difficulties with passing this fraction through commercially available extraction spin columns. Since previous studies demonstrated the close correlation between the results of the swine bioassay and the results of nPCR with RNA extraction with GITC buffer-phenol-chloroform, the method with GITC buffer-phenol-chloroform and the Qiagen RNeasy kit was compared with the method with GITC buffer and RLT buffer supplied with the RNeasy kit. Prior to the spin column assay, the semen was solubilized with the HIRT buffer described by Krieger et al. (25) . Since the extraction with the commercially available GITC buffer-PK-H buffer performed as well as that with the GITC buffer-phenol-chloroform used previously, comparisons between the present and previous studies can be made.
Previous studies of PRRSV-infected adult boars have demonstrated viremia during the first week after inoculation and have demonstrated that the viremia can be detected for longer periods of time by PCR than by VI (6). This finding was also confirmed in the present study and demonstrates that the PCR assay is more sensitive than VI for the detection of PRRSVpositive animals. Seroconversion is usually detected within 1 to 2 weeks after inoculation, subsequent to the detection of viremia. Variability in the duration of PRRSV shedding in semen has also been observed. Combined, three previous studies demonstrated a range of shedding times from as short as 4 DPI to as long as 92 DPI, with a mean of 35 DPI (n ϭ 15 boars) (5, 6, 11) . However, shedding was not detected in one boar, and this was the first study in which shedding was not detected. In addition, limited shedding for only 1 to 2 days was observed in four of the six principal boars. It is possible that semen samples were not collected and tested on a day when these boars were shedding virus in their semen. Since the same PRRSV isolate and dose were given to all principal boars simultaneously, it would seem likely that there are host factors affecting the duration of viral shedding. It has been documented with a limited number of pigs that some differences in the duration of shedding may be noted between litters and breeds in their susceptibilities to PRRSV (11, 20) . Other than boars 1 and 4, which were from the same litter, no other genetic similarities were noted between the other boars, although all boars except boar 5 were of the Landrace breed. Boar 5 was of the Duroc breed.
Quantitatively, the results of PCR with serum samples demonstrated the highest viral loads in serum (approximately 10 5 copies/ml) at 5 DPI. These then fell 1 to 4 log units by 22 DPI. Similarly, another study also demonstrated maximal levels of PRRSV RNA in the serum of one boar at 2 DPI, with high levels maintained for up to 7 DPI, but these then decreased to Ͻ10 5 copies/ml (36) . Even though viremia could be detected sporadically in all boars after 22 DPI, the majority of samples from these boars demonstrated discordant results; and when the numbers of RNA copies per milliliter were measured, the majority of these real-time PCR-positive, nPCR-negative samples had levels Յ90 copies/ml. This would indicate that the discordant results may be due to a low level of virus, and this level should be considered the diagnostically valid level of detection. This intermittency of the detection of viremia has been documented previously at between 78 and 228 days postfarrowing in piglets infected in utero (33) . The patterns of shedding in semen were also sometimes intermittent (Fig. 3) . Since PRRSV RNA was detectable in the tonsils and lymph nodes from all of the principal boars when they were euthanized at 96 DPI (data not shown), these intermittent patterns may reflect low levels in semen and in serum originating from tissue sites.
A linear relationship between TCID 50 s per milliliter of serum and the numbers of RNA copies per milliliter of serum was observed during the first 10 days of the study, although only about 50% of the variation in virus titration results could be related to the numbers of RNA copies per milliliter (adjusted R 2 ϭ 0.498). The model used was intended to evaluate the relationship between two different virus quantification methods in which virus was detected by both methods (VI [TCID 50 per milliliter] and real-time PCR [numbers of RNA copies per milliliter]). Even though many samples had negative VI results, the relevance of the regression analysis was that across the range of viral loads detectable by both VI and RT-PCR, there was a significant and positive relationship between the two methods of measurement of virus loads. Virus titrations were performed with serum samples and not purified virus. Therefore, more subgenomic viral RNA that may be measured by the PCR may be present, and this would account for the higher number of RNA copies per milliliter than TCID 50 s per milliliter. In addition, before the virus titrations one freeze-thaw cycle was performed with the serum, but this step was not performed before the PCR procedure. This was because all sera were initially identified as PRRSV positive or negative, and then the positive sera were titrated to their end points. Other factors may also affect the number of infectious virions present in the sample, such as variations in culture conditions and the viral isolate and cell type used. However, our results demonstrate a relatively linear association between the amount of infectious virions and the numbers of RNA copies per milliliter detected by quantitative PCR.
To determine whether PCR inhibition or the inefficiency of extraction lowered the level of virus detected in semen, the quantitative results obtained with PRRSV-spiked semen samples were compared with the quantitative results obtained with virus alone after extraction and RT-PCR. For relative quantitation by PCR, some commercial and experimental PCR assays use housekeeping genes to normalize samples to control for sample-to-sample variability. However, these gene concentrations may also vary between individuals, sample types (e.g., tissue and cell types), and disease status (38) . It is also important that quantification be based on an internal control that has an amplification efficiency equal to that of the sample (39) . This prerequisite can be fulfilled only by using an internal control that would be similar to the actual template being measured. Therefore, we used preinoculation semen samples from principal boars and spiked them with the same PRRSV VOL. 42, 2004 PRRSV DETECTION BY REAL-TIME PCR 4459
by on March 4, 2008 jcm.asm.org isolate found in the naturally infected samples. The number of RNA copies per milliliter from each boar's semen sample was then multiplied by a factor derived from the input number of RNA copies per milliliter (for cell culture virus only) divided by the number of RNA copies per milliliter in the spiked sample (the same cell culture virus concentration spiked into the preinoculation semen sample). This is typically done by the Amplicor HIV-1 Monitor test (Roche Molecular Systems, Branchburg, N.J.), in which a similar formula is used for the normalization of serum and semen samples with in vitro-transcribed RNA (the secondary target), which is differentiated from the primary target in the probe binding region but which uses the same primers (26, 34, 45) . The total amount of human immunodeficiency virus (HIV) type 1 (the primary target) in the sample is also multiplied by the input amount of the secondary target sequence alone divided by the amount of secondary target in the spiked sample. It will be useful in the future to develop a commercially available internal control for PRRSV that could be spiked into samples prior to extraction for determination of the extraction inefficiency or PCR inhibition for the individual samples tested. The concentration of PRRSV in semen typically did not correlate with the levels in serum. This has also been observed with other viruses, such as HIV, in which discordant results were observed between the blood plasma and the seminal plasma compartments in patients infected with HIV and in which intermittent patterns of shedding in semen were also observed (19) . This indicates that the quantities of HIV in blood plasma may not accurately predict the risk of transmission via semen (15) . This may also be true in boars. For most boars in this study, PRRSV was identified in serum but not semen on the majority of collection days. For others, such as boar 6, PRRSV was identified in semen on approximately the same days as in serum; however, the semen viral loads were consistently higher than the serum viral load. This may indicate that the reproductive tract is a site of viral replication, and the virus may not go directly from the blood into the seminal compartment. Since there are differences in shedding durations and viral loads within the reproductive tracts of various boars, future studies correlating these levels with local immunity might be useful in determining the factors involved in the reduction and the elimination of viral loads.
